Introduction
============

Rice blast disease caused by filamentous ascomycete fungus *Magnaporthe oryzae* has been regarded as the most devastating disease limiting rice cultivation worldwide ([@B61]; [@B12]). Studies have shown that the initiation of plant infection involves the successful germination of viable conidia landing on potentially susceptible host tissues and the subsequent differentiation of germ tubes into a functional infectious structure called appressoria, which glues itself firmly to the host tissues ([@B42]; [@B69]). The matured appressoria develops robust penetration peg and generate enormous turgor that enables it to physically puncture and invade host cells resulting in the manifestation of the typical dark-brown diamond-shaped blast lesions on leaves, culm, neck, panicles, and roots ([@B24]; [@B62]; [@B36]). Previous comparative genomic studies conducted with genome assembled sequence of the rice blast fungus has shown that the *M. oryzae* genome contains numerous effector proteins ([@B74]) and subsequent functional genetic studies have revealed that the aserminal model organism deploys these effectors during host-pathogen interaction to suppress host immunity for successful establishment of blast disease ([@B13]; [@B40]; [@B72]; [@B77]). Although most of the effector proteins identified in the rice blast fungus does not possess identifiable secretion peptide ([@B58]; [@B46]), experimental evidence, however, showed that the successful delivery or export of these effector proteins into the cytoplasm of host cells are largely mediated by the vacuoles ([@B7]).

Vacuoles are ubiquitously present and extremely complex cellular organelles found in all eukaryotes and some prokaryotes; vacuoles play essential roles in nutrient storage, degradation of macromolecules, ion homeostasis, and regulation of pH, autophagy, lysis and recycling of misfolded proteins ([@B37]; [@B28]; [@B33]; [@B52]). Research findings have shown that, several independent trafficking machineries mediate the successful transportation of misfolded proteins, other cargoes and proteins earmarked for secretion to the vacuoles in both plants and fungi ([@B45]). Furthermore, vacuoles promote growth, efficient cell differentiation, strengthen symbiotic interactions and enhance the pathogenesis of filamentous fungus ([@B57]; [@B47]). In addition to sorting of misfolded proteins, the vacuolar complex also serves as a site for several other important cellular activities, including biogenesis, tethering, docking and fusion of cargoes and membrane proteins for transport ([@B19]; [@B3]). More so, the HOPS complex functions as a tether at vacuoles for different membrane and organelles including late endosomes, AP-3 transport vesicles and autophagosomes ([@B55]; [@B59]), the HOPS complex acting as tether interacts with SNAREs and/or GTPases to control the specificity of vesicle fusion in various organisms ([@B23]).

The activities of SNARE proteins are largely responsible for the docking of vesicles with an organelle and evidence currently available showed that *S. cerevisiae*, SNARE proteins play roles beyond the facilitation of protein transport by promoting homotypic vacuolar fusion processes ([@B75]; [@B1]). Generally, SNARE associated homotypic fusion processes are mainly regulated by homotypic fusion and protein sorting complex (HOPS) ([@B21]), according to [@B8], the HOPS complex principally consists of core subunit (Vps11, Vps16, Vps18, and Vps33) and an accessory subunit (Vps39 and Vps41). Previous research demonstrations have shown that Vps39 and Vps41 inactivity impacted negatively on vacuolar morphology and aggregation ([@B51]; [@B18]; [@B38]), furthermore, the accessory subunit of the HOPS complex are crucially involved in the promotion of autophagy vegetative growth, conidiation and virulence of many filamentous fungi ([@B35]; [@B73]). Previous research findings have shown that MoVps39 a component of the HOPS complex crucially regulate conidiogenesis, appressorium formation, and development of blast infection in *M. oryzae.*

However, the intrinsic role of HOPS complex proteins have not been extensively studied in the cosmopolitan rice blast fungus, subsequently we identified and used functional genetic tools to explore the contributions of MoVps41 in fungal development, pathogenicity, and vacuolar biogenesis.

Results
=======

Identification of MoVps41
-------------------------

To obtain the homolog of Vps41 sequence from *M. oryzae* genome database, we used the amino acid sequence of budding yeast to conduct BLASTp search through the now defunct Magnaporthe genome resource^[1](#fn01){ref-type="fn"}^ and successfully identified Vps41 homologous protein (1357-amino acid) encoded by MGG_03313.7 (MoVps41) and proceeded to perform domain prediction with <http://prosite.expasy.org/>. Our domain prediction analysis identified two domains motifs namely; the clathrin heavy chain repeat (CHCR) domain and the RING-H2 motif (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). Further sequence alignment analysis showed that MoVps41 shares high sequence homology with the Vps41 proteins from *Saccharomyces cerevisiae, Fusarium graminearum, Aspergillus nidulans, Arabidopsis thaliana, Mus musculus*, and *Homo sapiens* (Supplementary Figure [S2](#SM2){ref-type="supplementary-material"}). The CHCR domain is highly conserved among all the organisms analyzed, with 38 to 72% identity between *M. oryzae* and mammals, plants and fungi (Supplementary Table [S2](#SM1){ref-type="supplementary-material"}), whilst the RING-H2 motif appeared absent in the Vps41 sequences from *Saccharomyces cerevisiae* and *A. nidulans* (Supplementary Figure [S1A](#SM1){ref-type="supplementary-material"} and Table [S2](#SM1){ref-type="supplementary-material"}).

*MoVPS41* Is Required for Vegetative Development of *M. oryzae*
---------------------------------------------------------------

Upon successful generation and confirmation of MoVPS41 deletion mutant (*ΔMovps4*-18, *ΔMovps4*-33, and *ΔMovps4*-34) mutant and complementation (**Figure [1](#F1){ref-type="fig"}**), we proceeded further to evaluate growth characteristics of the *ΔMovps41* mutant alongside the wild-type and the complemented strain on three different culture medium which includes; CM, CMII, and MM medium. Corresponding results obtained from this assay showed that the deletion of *MoVPS41* gene impacted negatively on the vegetative growth of *ΔMovps41* mutant and resulted in 20, 22, 64% reduction in the growth of the *ΔMovps41* mutant on CM, CMII, and MM medium, respectively (**Figures [2A,B](#F2){ref-type="fig"}**), additionally, we showed that the re-introduction of the wild-type *MoVPS41* gene into the *ΔMovps41* deletion mutant resulted in the generation of *ΔMovps41/MoVPS41* complemented strain (C-21) with growth characteristics similar to that of the wild-type strain (**Figure [2](#F2){ref-type="fig"}**). From these results we inferred that *M. oryzae MoVPS41* is deletable and further positioned that *MoVPS41* contribute significantly to efficient vegetative development of the rice blast fungus.

![Generation of the *ΔMovps41* mutant. **(A)** The split-marker approach was used to replace the entire *MoVPS41* gene with the hygromycin resistance cassette (*hph*). Probe A is a PCR product amplified with primers AF (*VPS41*-AF) and AR (*VPS41*-AR). N: *Nco*I. **(B)** Southern blotting analysis with *Nco*I-digested genomic DNA of wild-type strain (Guy11), *ΔMovps41* mutant strains (*ΔMovps41-18, ΔMovps41-33*, and *ΔMovps41-34*) and complemented transformant (C-21).](fpls-08-01091-g001){#F1}

![*MoVPS41* is required for vegetative growth in *M. oryzae*. **(A)** Shows growth characteristics of the *ΔMovps41*, wild-type and the C-21 complementation strain cultured for 10 days. **(B)** Portrays the significant difference in the vegetative growth of *ΔMovps41*, Guy11, and the C-21 strain on CM, CMII, and MM culture plates. Mean and standard error were calculated from three independent repeats. Asterisks represent significant difference between the Δ*Movps41* mutant and Guy11 with (*P* \< 0.01).](fpls-08-01091-g002){#F2}

Deletion of *MoVPS41* Blocks Sexual and Asexual Reproduction
------------------------------------------------------------

In plant, Vps41 showed high expression activities in vegetative cells and sperm cells of pollen tubes during reproductive development and has been identified as a crucial factor regulating pollen tube--stigma interaction ([@B20]). To evaluate the possible contribution of MoVps41 to the sexual reproductive life of *M. oryzae*, we crossed wild-type strain Guy11 (MAT1-2) and mutant strain *ΔMovps41* and the *ΔMovps41/MoVPS41* complementation strain (C-21) with a standard mating type tester strain KA3 (MAT1-1) by culturing them on oatmeal (OMA) plates under optimum conditions required for perithecia production. Results obtained from this assay showed that Guy11 × KA3 and C-21 × KA3 crosses yielded numerous dark perithecia, whilst, no perithecia was observed under *ΔMovps41* × KA3 crosses (**Figure [3A](#F3){ref-type="fig"}**). We also examined asexual reproduction characteristics of the *MoVPS41* deletion mutant by assessing number and morphology of conidia produced by the *ΔMovps41* mutant. Corresponding results obtained from these conidiation assays showed that the quantity of conidia produced by *ΔMovps41* mutant was significantly low and constituted less than 0.1% of the quantity of conidia produced by the wild-type and C-21 complementation strain (**Figure [3B](#F3){ref-type="fig"}**). Additionally, most of the conidia produced by the *ΔMovps41* mutant exhibited septation defects and our records showed 40% of conidia produced by the *ΔMovps41* mutant are associated with single septum while conidium without septum accounts for 25.5% and the remaining 34.5% exhibited normal septation (**Figures [3C,D](#F3){ref-type="fig"}**). We also performed comparative conidiophore development assay to ascertain if the observed drastic reduction in the quantity of conidia produced by the *ΔMovps41* mutant has any relationship with conidiophore-genesis. Results, obtained from this assay showed that the deletion of *MoVPS41* equally triggered drastic reduction in the formation of conidiophore the *ΔMovps41* mutant (**Figure [3E](#F3){ref-type="fig"}**). From these result we posited that *MoVPS41* play crucial role in regulating conidiophore-genesis, conidia morphogenesis, sexual and asexual reproduction in *M. oryzae.*

![The *ΔMovps41* mutant showed severe defects in sexual and asexual reproductions. **(A)** In sexual reproduction experiments, no perithecia appeared at the cross of *ΔMovps41* × KA3, whereas Guy11 × KA3 and C-21 × KA3 formed numerous black perithecia at the junctions between fertile isolates on oatmeal medium. **(B)** Represent statistical record showing the number of conidia obtained from the *ΔMovps41* mutant, Guy11 and C-21 strain and, counted under microscope. The data was analyzed by ordinary one -- ANOVA, error bars represent the standard deviation and double asterisks represent significant differences (*P* \< 0.001). **(C)** Depicts quantification analysis of septa formation in the ΔMovps41 compared to the wild-type and C-21. **(D)** is a visual presentation of the various septation abnormalities associated with the *ΔMovps41* mutant relative to the wild-type Guy11 and C-21 Conidia were harvested and conidia septation assay was conducted by staining with CFW. Scale bar = 5 μm. **(E)** Displayed the disparities associated with the development of conidiophore between the *ΔMovps41* mutant, Guy11 and C-21 stains as observed under light microscope Scale bar = 50 μm.](fpls-08-01091-g003){#F3}

MoVps41 Is Required for Pathogenicity
-------------------------------------

Because of deficiency in conidiation of the deletion mutants, we conducted pathogenicity assay by inoculating rice and barley seedlings with mycelium plugs obtained from the *ΔMovps41* mutant and the Guy11. This investigation showed that unlike the wild-type strain, the *ΔMovps41* mutant failed to induce symptoms of blast disease or lesions on susceptible rice seedling (CO39) host plant, while severe symptoms appeared 5-hpi on leaf tissues inoculated with culture block of wild-type and the C-21 complementation strain (**Figure [4A](#F4){ref-type="fig"}**). Because barley is also susceptible to *M. oryzae* blast infection, we decided to examine the virulence of *ΔMovps41* on barley leaves with or without wound. From this investigation we noticed that the *ΔMovps41* mutant consistently failed to induce blast lesion on both intact and injured barley leaves (**Figure [4B](#F4){ref-type="fig"}**). We additionally carried-out root infection assay with rice seedlings, and consistent with results obtained from leaf infection trials, the *ΔMovps41* mutant failed to trigger discoloration near the inoculation sites on rice root (**Figure [4C](#F4){ref-type="fig"}**). However, the wild-type and complemented C-21 strain readily induced extensive discoloration on rice root with under the same inoculation and incubation conditions, (**Figure [4C](#F4){ref-type="fig"}**), from these results we inferred that MoVPS41 mediated vacuolar fusion activities exerts great influence on the pathogenesis of the rice blast fungus by either directly or indirectly facilitating the secretion of virulence factors in *M. oryzae*.

![*MoVPS41* deletion rendered *ΔMovps41* non-pathogenic on rice and barley. **(A)** Intact (left panel) and wounded (right panel) rice leaves were inoculated with culture blocks of *ΔMovps41* mutant, wild-type and C-21. Inoculation with CMII medium blocks (Agar) was used as the negative control. Typical leaves were photographed 7 days after inoculation. **(B)** Intact (left panel) and wounded (right panel) barley leaves were inoculated with culture blocks of *ΔMovps41* mutant, wild-type and C-21. Inoculated leaves were photographed at 5-days post inoculation (5-dpi). **(C)** Root infection assay. Arrows indicate necrotic lesions. Pictures were taken 7 days after inoculation.](fpls-08-01091-g004){#F4}

MoVps41 Is Important for Host Penetration Mediated by Hyphal Tip Appressorium-Like Structures
---------------------------------------------------------------------------------------------

Records have shown that besides conidia mediated infection, *M. oryzae* also invades host tissues by deploying appressorium-like structures that develop at hyphal tips ([@B29]). However, from our pathogenicity assay we noticed that *ΔMovps41* failed to initiate hyphae mediated infection on intact leaves of barley and rice seedlings. In view of this observation, we decided to monitor the development of hyphae tip appressorium-like structures in the *ΔMovps41* mutant strain and the wild-type strain during growth on glass slide. Results obtained from this examination showed that the *ΔMovps41* mutant has no defect with regards to the formation of appressorium-like structures at hyphae (**Figures [5A,B](#F5){ref-type="fig"}**). We proceeded further to monitor the penetration abilities of the appressorium-like structures produced by *ΔMovps41* mutant by inoculating barley leaves with vegetative hyphae produced by the *MoVPS41* deletion mutant. Findings from microscopy examination after 48 hours post inoculation (hpi) revealed that the appressorium-like structures produced by the *ΔMovps41* mutant were unable to penetrate barley epidermal cells, whilst appressorium-like structures produced by the wild-type and complemented C-21 strains successfully penetrated barley epidermal cells and formed massive bulbous invasive hyphae inside the invaded epidermal cells (**Figure [5C](#F5){ref-type="fig"}**). Additional results obtained from incipient cytorrhysis assays surprisingly showed that the turgor generated by the appressorium-like structures produced by the *ΔMovps41* mutant was significantly higher than the level of turgor exhibited by the wild-type and complemented C-21 strains (**Figure [5D](#F5){ref-type="fig"}**). From these observations, we subsequently concluded that MoVps41 is required for enforcing the functionality of hyphae tip appressorium-like structures as a potent propagule for initiating hyphae mediated development of rice blast disease.

![The *ΔMovps41* mutant produced dysfunctional hyphal tip appressorium-like structures at hyphal tips. **(A)** Appressorium-like structures formed on hydrophobic film by hyphal tips of wild-type (Guy11), *ΔMovps41* mutant (*ΔMovps41-18*) and complemented strain (C-21). Scale bar = 50 μm. **(B)** Bar graph representing quantification of the number of hyphae producing appressoria-like structures in the *ΔMovps41* mutant, wild-type and C-21. Asterisks represent significant difference between Guy11 and Δ*Movps41* mutant (*P* \< 0.01). **(C)** Barley leaves inoculated with culture blocks of the *ΔMovps41* mutant, wild-type and C-21 were examined for the formation of invasive hyphae at 72 hpi. Arrows indicate appressorium-like structures. Scale bar = 20 μm. **(D)** Quantification of collapsed appressorium-like structures in the *ΔMovps41* mutant, wild-type Guy11 and C-21 strain. 2M and 5M glycerol were used for testing. Asterisks represent significant difference between Guy11 and Δ*Movps41* mutant (*P* \< 0.01).](fpls-08-01091-g005){#F5}

MoVps41 Is Not Required for Appressorium Formation
--------------------------------------------------

To further establish the influence of *MoVPS41* on the development of conidia base appressorium, we accordingly carried-out appressorium formation assay on appressorium inducing hydrophobic surface with the few conidia obtained from the *ΔMovps41* mutant along the wild-type and the C-21 strain. This investigation showed that the *ΔMovps41* mutant could form intact appressoria of similar morphology with the appressorium produced by the wild-type and the C-21 strain (**Figures [6A,B](#F6){ref-type="fig"}**). However, results obtained from conidia mediated penetration assay conducted by inoculating barley leaves with conidia suspensions prepared with conidia obtained from the *ΔMovps41* mutant, the wild-type and C-21 strain, also showed that although the *ΔMovps41* mutant could form appressorium on host leaf surface, it was, however, unable to penetrate barley epidermal cells even after extended period of 72-hpi (**Figure [6C](#F6){ref-type="fig"}**). These results showed that *MoVPS41* is dispensable of appressorium formation in *M. oryzae*, taken these results together we proposed that *MoVPS41* contribute to the development of blast infection by facilitating efficient penetration of host tissues. However, the detailed molecular mechanism underlining this observation is still obscure at this stage and highlights the need for more comprehensive studies on the HOPS complex in the rice blast fungus in the future.

![*MoVPS41* is dispensable of appressorium formation but indispensable of host penetration. **(A)** The conidia produced by the *ΔMovps41* deletion mutant is able to generate the appressorium. Scale bar = 2 μm. **(B)** The formation rate of appressorium of the *ΔMovps41* deletion mutant. The result is from three independent biological repeats. **(C)** Infection assay of conidia from *ΔMovps41* deletion mutant on barley epidermis cells. Scale bar = 20 μm.](fpls-08-01091-g006){#F6}

MoVps41 Is Essential in Vacuole Fusion
--------------------------------------

To ascertain the impact of *MoVPS41* deletion on vacuolar fusion process in the *ΔMovps41* mutant, we observed the morphological pattern of vacuoles in the vegetative hyphae of *ΔMovps41* mutant and the wild-type cultured in liquid CM media for 2-days with the aid of transmission electron microscopy (TEM). Results from our microscopy analysis identified numerous and characteristically smaller vacuoles in the *ΔMovps41* mutant. However, the vacuoles observed in the wild-type and the complemented strains were typically large (**Figure [7A](#F7){ref-type="fig"}**). To further confirm this observation, we stained hyphae produced by the *ΔMovps41*mutant, Guy11, and complemented strain with CMAC (7-amino-4-chloroethylcoumarin) dye which selectively stains fungal vacuoles. Our vacuole staining bio-assay also stained numerous smaller vacuoles in *MoVPS41* mutant while, few but larger size vacuoles were recorded for the wild-type, and the C-21 complemented strain (**Figure [7B](#F7){ref-type="fig"}**). These results adequately showed that *MoVPS41* is required for homotypic vacuole fusion processes in *M. oryzae*.

![*MoVPS41* crucially regulate vacuolar morphogenesis and integrity in *M. oryzae*. **(A)** Numerous smaller vacuoles were present in hyphae of *ΔMovps41* mutant while large globular vacuoles were observed in wild-type and C-21complementation strain. Images were obtained with transmission electron microscope. Scale bar = 0.5 μm. **(B)** Vacuoles of hyphae were stained with CMAC. Numerous fragmented vacuoles were observed in the*ΔMovps41-18*, while large globular vacuoles were observed in Guy11 and C-21. Scale bar = 5 μm.](fpls-08-01091-g007){#F7}

MoVps41 Is Localized on the Vacuole Membrane
--------------------------------------------

To investigate the sub-cellular localization of MoVps41 protein, a MoVps41-GFP fusion construct generated in our study was transformed into the *ΔMovps41* mutant. After screening by PCR, one transformant MOVps41-GFP expressing the MoVps41-GFP construct under control of its native promoter was identified. Similar to the complemented strain C-21, all defects displayed in the *ΔMovps41* mutant were rescued in the *ΔMovps41*/MoVps41-GFP transformant MOVps41-GFP, indicating that the fusion constructs MoVps41-GFP is functional. We used CMAC to stain the hyphal vacuoles of *ΔMovps41*/MoVps41-GFP transformant MOVps41-GFP and observed the GFP signal under an epifluorescence microscope. MoVps41-GFP signals were observed on the membrane of the vacuoles, and the signals were stronger at the interface between two vacuoles (**Figures [8A,B](#F8){ref-type="fig"}**), suggesting that MoVps41 is involved in the homotypic fusion of vacuoles. We also investigated the localization of MoVps41 during appressorium formation on hydrophobic surface and showed that MoVps41 retains its localization to vacuolar membrane during conidia germination and appressoria formation. Furthermore, we examined the localization pattern of MoVps41 during progressive endocytosis and endosomal trafficking processes in conidia, germ tubes and appressoria at time points (0, 4, and 12 h) of appressorium development on a hydrophobic surface by staining with endocytosis oriented dye FM4-64 which stains depict the transport activities occurring on vacuolar membrane during progressive active endocytosis. Consistent with the localization observed for hyphae, conidia, germ tube and appressoria, this also showed FM4-64 epifluorescence signal co-localized with green Florence protein (GFP) signal on vacuolar membranes and exhibited the strongest expression signal at membrane contact sites between two vacuoles (**Figure [8C](#F8){ref-type="fig"}**). These results all suggest that MoVps41 is involved in homotypic vacuolar fusion.

![Subcellular localization of MoVps41 at different developmental stages of *M. oryzae*. **(A)** GFP signal cannot be observed in the apical region of hyphae but showed stronger GFP signals emerged at the interface between two vacuoles. CMAC dye was used to stain vacuole. Scale bar = 5 μm. **(B)** GFP fluorescent signal was observed in hypha of the *ΔMovps41*/*MoVPS41*-GFP strain cultured in liquid CM medium for 48 h with shaking at 150 rpm, 25°C. GFP signals were localized to vacuolar membranes and stronger GFP signals at the interface between two vacuoles. CMAC dye was used to stain vacuole. Scale bar = 10 μm. **(C)** Conidia from *ΔMovps41*/*MoVPS41*-GFP strain were incubated on the hydrophobic glass slides before examining fluorescent under microscope at defined time intervals of (0, 4, and 12 h). FM4-64 dye was used to stain vacuolar membranes. The merged panels show strong localization of MoVps41-GFP with vacuolar membranes. Scale bar = 5 μm.](fpls-08-01091-g008){#F8}

*MoVPS41* Deletion Mutants Are Highly Sensitive to Metal Ions
-------------------------------------------------------------

Generally, metal ions, including Ca^2+^, Cu^2+^, Fe^2+^, Mn^2+^, and Zn^2+^ play an essential physiological role in the development of fungi ([@B67]). However, research demonstrations have shown that, the intracellular accumulation of these cations beyond certain physiological limit turn to impact negatively (metal ion toxicity) on fungal growth and development. Sequestering activities of the vacuole play an important role in shielding cells from the harmful effects of toxic metal ions and also crucially mediate the detoxification of these metal ions ([@B50]). To examine the contribution of MoVps41 in vacuolar sequestering and subsequent detoxification of metal ions, we monitored the vegetative growth *ΔMovps41* mutant, Guy11 wild-type and the C-21 complemented strain on 1/4 YG growth medium supplemented with defined concentration of divalent metal ions. From this investigation, we observed that *ΔMovps41* mutant was highly sensitive to all the metal ions tested and accounted for about 68 to 92% growth inhibition in the *ΔMovps41* mutant with 1 mM Cu^2+^ exerting greatest biological growth inhibitory effect (71.2%) on *ΔMovps41* mutant compared to 51 and 54% growth inhibition recorded for C-21 complemented strain and Guy11, respectively (**Figures [9A,B](#F9){ref-type="fig"}**). These results imply that MoVps41 plays a crucial role in ensuring cellular metal ions homeostasis by facilitating vacuolar mediated sequestering and detoxification of metal ions.

![*ΔMovps41* mutant exhibited high metal ion sensitivity. **(A)** The colony morphology of wild-type (Guy11), *ΔMovps41* mutant (*ΔMovps41-18*) and complemented transformant (C-21) on 1/4 YG plates supplemented with 1 mM Cu^2+^, 3 mM Zn^2+^, 3 mM Mn^2+^, 3 mM Fe^2+^, and 400 mM Ca^2+^ at 25°C for 10 days. **(B)** The growth inhibition rate of wild-type (Guy11), *ΔMovps41* mutant (*ΔMovps41-18*) and complemented transformant (C-21) on 1/4 YG plates supplemented with 1 mM Cu^2+^, 3 mM Zn^2+^, 3 mM Mn^2+^, 3 mM Fe^2+^, and 400 mM Ca^2+^ at 25°C for 10 days. The experiment was performed at least three biological repeats. Asterisks represent significant difference between Guy11 and Δ*Movps41* mutant (*P* \< 0.01).](fpls-08-01091-g009){#F9}

*ΔMovps41* Deletion Mutant Is Hypersensitive to Vesicular Transport Inhibitors, Osmotic, Oxidative, and Cell Wall Stresses
--------------------------------------------------------------------------------------------------------------------------

The prevailing osmotic gradient across organelles and membranes has been cited as crucial factors modulating the rate of membrane fission and fusion processes ([@B5]). Accumulating evidence from previous research findings has shown that the signaling activities of HOPS complex proteins are enhanced in response to oxidative stress induced by different types of osmolytes ([@B5]). We therefore evaluated the sensitivity of *ΔMovps41* mutant to both osmotic and oxidative stresses by culturing the *ΔMovps41* mutant, Guy11 and the C-21 strains on CM plates supplemented with various types of osmotic and oxidative stress inducing osmolytes including; 1 M glycerine, 1 M sorbitol, 1 M NaCl, 1 M KCl, and 10 mM H~2~O~2~. This investigation revealed that *ΔMovps41* mutant display high sensitivity toward all the osmolytes tested, however, we noticed that NaCl, KCl, and CFW exerted the greatest inhibitory effect on the *ΔMovps41* mutant (**Figures [10A,B](#F10){ref-type="fig"}**). Additionally, we investigated the role of *MoVPS41* in enforcing cell wall integrity by monitoring the comparative growth performance of the *ΔMovps41* mutant, Guy11 and the C-21 strains on CM plates supplemented with 400 μg/mL Congo red, 0.01% SDS, Compared to the wild-type Guy11 and the C-21 complemented strain, the *ΔMovps41* mutant was moderately sensitive to SDS (**Figures [10C,D](#F10){ref-type="fig"}**). However, there was no significant difference observed in the growth of *ΔMovps41* mutant, Guy11 and the C-21 complemented strain on CM plates supplemented with 400 μg/mL Congo red (**Figure [10C](#F10){ref-type="fig"}**). These results demonstrate that MoVps41 plays an essential role in stabilizing membrane integrity in the rice blast fungus under oxidative stress conditions.

![*ΔMovps41* mutant displayed high sensitivity toward osmotic and oxidative stress inducing osmolytes. **(A)** Portrays vegetative growth attributes of *ΔMovps41* mutant, wild-type and C-21 complementation strain on CM plates supplemented with (1 M sorbitol, 1 M glycerine, 1 M NaCl, and 1 M KCl), **(B)** Shows the statistical analysis of *ΔMovps41* mutant, wild-type and C-21 complementation strain growing on CM plates supplemented with (1 M sorbitol, 1 M glycerine, 1 M NaCl, and 1 M KCl), The experiment was performed at least three biological repeats. Error bar represent the standard deviation between the *ΔMovps41* mutant, wild-type and C-21 complementation strain and double asterisks represent *P* \< 0.01. **(C)** Statistical computation of growth response of *1Movps41* mutant, wild-type and C-21 complementation strain on CM plates supplemented with osmolytes (0.01% SDS, 400 μg/mL Congo red, and 200 μg/mL Calcofluor white (CFW). The experiment was performed at least three biological repeats. Single asterisks represent *P* \< 0.05, whilst double asterisks represent (*P* \< 0.01). **(D)** Displays the growth performance of *ΔMovps41* mutant, wild-type and C-21 complementation strain on CM plates supplemented with cell wall stress inducing osmolytes (0.01% SDS, 400 μg/mL Congo red, and 200 μg/mL Calcofluor white (CFW).](fpls-08-01091-g010){#F10}

Discussion
==========

The homotypic fusion and vacuole protein sorting (HOPS) complex, which is made up of VPS-C complex (Vps11, Vps16, Vps18, and Vps33) and two accessory subunits Vps39 and Vps41 are on record as the first tether complex identified in the endocytic system ([@B53]; [@B15]). Insight gained from previous studies showed that the HOPS complex constitute a crucial cellular machinery that promotes the homotypic fusion of vacuoles ([@B30]), it has been established that Vam2∖Vps41, one of the two accessory subunits constituting the HOPS complex functions as an effector that binds to Ypt7∖Rab7 and mediates vacuolar related fusion activities, including; homotypic vacuolar fusion, late endosome vacuolar fusion and auto-phagosome vacuolar fusion in yeast ([@B27]). Although it has been shown that Vps41 coupled homotypic fusion enhances growth, stress tolerance, and virulence of many pathogenic microbes ([@B65]; [@B41]; [@B56]), the influence of MoVps14 on general growth and pathogenesis of the rice blast fungus has not been explored.

In this study, we identified *M. oryzae* specific Vps41 gene (MoVps41) and used functional genetic tools to elucidate the physiological and pathological importance of MoVps41 in the rice blast fungus. Assessment of vegetative growth characteristics of *ΔMovps41* mutant generated in this study showed that MoVPS41 deletion caused significant reduction in the vegetative growth of the *ΔMovps41* mutant on both nutrient deficient and nutrient sufficient growth medium. This is in conformity with earlier research findings, which showed that the deletion of Vps41 in yeast and Cryptococcus impacted negatively on the vegetative growth of the respective deletion mutant ([@B26]; [@B22]). These observations coupled with the knowledge that Vps41 functions as an effector protein that binds to Ypt7∖Rab7 which in turn interacts with major vesicle biogenesis machinery Yck3∖AP-3 complex ([@B54]), subsequently informed our conclusion that MoVps41 contributes to optimum vegetative development of *M. oryzae* by promoting vacuolar sorting processes required for efficient biogenesis.

Furthermore, our investigations revealed that the deletion of MoVps41 disrupted the progression of sexual reproduction and rendered the *ΔMovps41* mutant unable to produce perithecia even in the presence of fertile opposite mating type strain. We also showed that MoVps41 deletion did not only abolish sexual reproduction in the defective mutants but also drastically reduced the number of conidia produced by the *ΔMovps41* mutant, from these results we deduced that MoVps41 plays an indispensable role in the sexual and asexual reproductive life of *M. oryzae* by modulating the ability of the vacuoles to regulate nutrient availability as well as trans-membrane trafficking of vesicles and cargoes required for enhancing the fertility and reproduction in the rice blast fungus. This position is firmly confirmed by previous plant science research studies which showed that in flowering plants Vps41 essentially promotes sexual reproduction by facilitating the fertilization, germination and as well mediates the transfer of mature pollens for efficient pollen tube--stigma interaction and exhibited high expression pattern in actively dividing vegetative cells ([@B20]). Putting together, our investigation showed for the first time that MoVps41 like its plants counterparts play an essential role in regulating the initiation and progression of sexual and asexual reproduction in the rice blast fungus.

Many pathogenic microbes invade and successfully colonize host cells by secreting non-classically secreted proteins as effectors to suppress or evade host defense ([@B64]). Research evidence available have shown that the successful secretion of non-secretion peptide effector proteins as virulence factors by pathogenic microorganisms, including plant pathogenic fugal species is mediated by the vacuolar complex through homotypic fusion and endocytic transport activities of vacuoles ([@B70]; [@B63]; [@B16]). MoVps41 is a component of the HOPS complex and play crucial functions in promoting homotypic vacuolar fusion and biogenesis ([@B43]), our study revealed that targeted gene replacement of *M. oryzae* VPS41 impacted negatively on the pathogenesis of the rice blast fungus and rendered the Δ*Movps41* mutant non-pathogenic on non-host and susceptible host plant, this observation in conjunction with previous findings which showed that the inactivation of Vps41 in *Candida albicans* and *Cryptococcus neoformans* equally impaired the pathogenicity and virulence of the respective defective mutants ([@B35]), forms the basis for our conclusion that MoVps41 contribute positively to the development of blast disease by promoting vacuolar mediated secretion of non-classical effector proteins during host-pathogen interaction and confirms previous proposal suggesting that the fusion activities of the HOPS complex crucially supports the progression of basic but vital developmental processes such as proper colony growth, efficient generation of aerial hyphae and sporulation ([@B49]).

Current knowledge with regards to underlining mechanisms facilitates efficient differentiation of appressorium into penetration-peg to promote successful rupturing and invasion of host cells by the rice blast fungus has shown that the accumulation of glycerol in the appressoria cell constitute a pre-requisite for generating enormous turgor required to promote the development of penetration-peg to initiate host penetration process ([@B10]; [@B11]; [@B78]; [@B80]). However, we observed that hyphae tip appressorium-like structures produced by Δ*Movps41* mutant accumulated higher turgor pressure than the wild-type and C-21 but failed to penetrate barley epidermal cells. Although, this result sharply contradicts our expectation, we however, proposed that MoVps41 may influence the influence host penetration process by turgor pressure regulating influx balance between water and glycerol. More so, since the development of penetration-peg occurs as a function of negative membrane curvature which requires additional energy barriers ([@B4]; [@B14]; [@B60]), we subsequently deduced that the disruption of MoVps41 disrupted the pressure dynamics required for development of penetration-pegs by triggering steady accumulation of appressorium glycerol level.

Homotypic vacuole to vacuole fusion represents an efficient biosynthetic cellular transport system to the vacuole ([@B32]), Vps41 belongs to the HOPS complex group of proteins that are known to play a vital role in promoting tethering, docking and more importantly homotypic vacuolar fusion as well as *trans*-membrane trafficking processes in a wide range of organisms ([@B30]). In yeast, Vps41 is required for successful vacuolar fusion, maintaining normal vacuolar morphology and integrity, subsequently, the deletion of Vps41 (*Δvps41)* in yeast resulted in the formation of highly fragmented vacuole ([@B48]; [@B2]). Similarly Vacuole staining and microscopy examinations conducted with *ΔMovps41* mutant generated in this study also revealed high incidence of vacuole fragmentation. In line with these observations, we reasoned that Vps41 mediated stabilization of vacuolar morphology and vacuolar fusion is an evolutionarily conserved function across kingdoms.

Finally, our study further revealed that *ΔMovps41* mutant are highly sensitive to most osmotic stress or oxidative stress inducing osmolytes including; glycerine, sorbitol, NaCl, KCl and H~2~O~2~ and subsequently resulted in significant reduction in the vegetative growth of *ΔMovps41* on media supplemented with glycerine, sorbitol, NaCl, KCl and H~2~O~2~. Additionally, we noticed that the *ΔMovps41* mutant displayed much higher sensitivity toward caffeine and monensin administered in growth media as vesicular transport inhibitors ([@B31]). Our analysis further showed that the *ΔMovps41* mutant have almost an intact cell wall integrity, and was less sensitive to cell wall stress inducing osmolytes these results are in tandem with previous research demonstrations indicating that in yeast MoVps41 activities increased in response to oxidative stress ([@B6]). In line with these results, we arrived at the conclusion that MoVps41 contributes to enforcing cell membrane integrity and intracellular vesicle transport by enhancing efficient and timely vacuolar sequestering of toxic metabolites in *M. oryzae*.

Materials and Methods {#s1}
=====================

Fungal Strains and Culture Conditions
-------------------------------------

The wild-type strain Guy11 and all transformants generated in this study were cultured on complete medium plates (CM: 0.6% yeast extract, 0.6% casein hydrolysate, 1% sucrose, 1.5% agar) at 25°C as described previously ([@B9]). Additional growth media used in this study, including minimal medium (MM: 6 g NaNO~3~, 0.52 g KCl, 0.52 g MgSO~4~, 1.52 g KH~2~PO~4~, 10 g glucose and 15 g agar in 1 L distilled water), 1/4 YG medium (1.3 g yeast extract, 5 g glucose, 15 g agar in 1 liter of distilled water) and oatmeal agar medium (OMA: 30 g oatmeal and 15 g agar in 1 L distilled water). For sexual reproduction, strains were cultured on oatmeal agar medium for 4 weeks ([@B25]). For conidiation, the strains were cultured on rice bran medium (2% rice bran, 1.5% agar, pH 6.0) with a 12 h photophase for 7 days and removed all aerial hyphae and incubated the cultures under light for additional 48 h ([@B81]). For DNA extractions and protoplast preparation, strains were grown in the liquid CM in a 150 rpm shaker at 25°C for 2--3 days. Sensitivity assay was conducted by culturing the respective strains on 1/4YG or CM plates supplemented with metal ionic stresses (1 mM Cu^2+^, 3 mM Zn^2+^, 3 mM Mn^2+^, 3 mM Fe^2+^ and 400 mM Ca^2+^), vesicular transport inhibitors (3 mM caffeine and 3 μg/mL monensin), osmotic stresses (1 M sorbitol, 1 M glycerine, 1 M NaCl, and 1 M KCl), oxidative stresses (10 mM H~2~O~2~), and cell wall stresses \[0.01% SDS, 400 μg/mL Congo red and 200 μg/mL Calcofluor white (CFW)\].

Generation of the *ΔMovps41* Deletion Mutants and Complemented Transformants
----------------------------------------------------------------------------

Split-marker approach ([@B17]; [@B79]) was applied to delete the *MoVPS41* gene in *M. oryzae*. A 1.1-kb upstream and a 1.2-kb downstream flanking fragments of *MoVPS41* were amplified with primer pairs VPS41-AF/AR and VPS41-BF/BR (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}), respectively. The resulting PCR products were ligated with hygromycin phosphotransferase (*hph*) cassette fragments amplified with primers HYG/F+HY/R and YG/R+HYG/R (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}) by overlapping PCR. For fungal transformation, protoplast preparation and polyethylene glycol (PEG)-mediated transformation of *M. oryzae* was performed as described by [@B76]. Hygromycin-resistant transformants were screened by PCR with primer pairs VPS41-OF+VPS41-OR and VPS41-UA+H853 (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). Subsequently, putative *ΔMovps41* mutants were analyzed by Southern blotting to confirm the gene replacement event. For complementation assays, a fragment containing the entire *MoVPS41* gene, a 2-kb upstream and 1.4-kb downstream sequences was amplified with primers VPS41-CF and VPS41-CR (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). The resulting PCR products were co-transformed into *ΔMovps41* mutant with pKNT vector. G418-resistant transformants *ΔMovps41/MoVPS41* were confirmed by PCR and Southern blotting analysis.

DNA Manipulation and Southern Blotting Analysis
-----------------------------------------------

For DNA extraction, genomic DNA was extracted from wild-type strain Guy11, *ΔMovps41* deletion mutants and C-21 complemented transformants with the use of CTAB method described by [@B68]. For Southern blotting analysis, genomic DNA aliquots of 5 μg were completely digested with *Nco*I enzyme and separated with a 0.7% agarose gel and transferred onto Hybond N+ membrane (Amersham Pharmacia Biotech). The "A-fragments" were amplified with VPS41-AF and VPS41-AR primers (**Figure [1](#F1){ref-type="fig"}** and Supplementary Table [S1](#SM1){ref-type="supplementary-material"}) and labeled by digoxin (DIG) as probe A. For southern blot analysis, probe labeling, hybridization and detection were performed with DIG High Prime DNA labeling and Detection Starter Kit I (Roche Applied Science), according to the instruction manual.

Phenotype Assay
---------------

Conidia harvested from rice bran agar were counted by using hemocytometer and photographed by Olympus BX51 microscope (Olympus Corporation, Japan). Three independent experiments were performed with three replicates each time. For fertility assays, the strains crossed with strain KA3 were cultured on OMA at 25°C for the 7 days with a 12-h photophase and then placed under continuous white light at 16°C for 4 weeks. The border between the mated individuals was examined for the capacity to form perithecia. This experiment was repeated three times. Both leaf and root inoculation was carried-out by inoculating intact and injured barley (Gold Promise) and rice (CO39) leaves with a block media carrying mycelia before incubating them in a moist chamber at 25°C for 5--7 days as described by ([@B71]).

Assays for the Formation and Penetration of Appressorium-Like Structures
------------------------------------------------------------------------

The development of appressorium-like structures at hyphal tips was assayed in accordance to the procedures described by [@B29]. To induce appressorium-like structure formation, culture blocks of 4-day-old CM cultures were placed on hydrophobic surfaces, and incubated in moist chamber for 72 h in dark. For penetration assays, the leaves of 10-day-old seedling of barley (Gold Promise) were inoculated with culture blocks of 4-day-old CM cultures for 48 h and subsequent penetration and *in vivo* development invasive hyphae was examined in line with procedures described by ([@B34]; [@B29]).

Generation of the MoVps41-GFP Fusion Construct
----------------------------------------------

To generate the *MoVPS41*-GFP fusion construct, a 2.2-kb DNA fragment containing the entire *MoVPS41* gene and its promoter region was amplified with primers VPS41-GF and VPS41-GR (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}) and inserted into the *APa*I/*Hind*III site of pKNTG vector. The resulting fusion construct *MoVPS41*-GFP was transformed into *ΔMovps41* mutant through PEG-mediated transformation. G418-resistant transformants were screened by PCR with primers VPS41-ORF and VPS41-GR (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}) and examined for GFP signals.

Staining and Microscopy Assays
------------------------------

For transmission electron microscopy, observation was carried out as previously described ([@B66]). For vacuolar staining, hyphae were prepared by growing fragmented mycelia in liquid CM for 3-days at 25°C with shaking at 150 rpm and inoculated with a vacuolar luminal dye CMAC (7-amino-4-chloromethylcoumarin, Sigma--Aldrich) at a final concentration of 10 μM for 20 min as previously described ([@B44]; [@B39]). Germinating conidia (0h, 4h and 12 h) on hydrophobic surface were incubated with 32 μM FM4-64 for 30 min to stain the vacuolar membrane. The vacuolar morphology of vegetative hyphae and germinating conidia were observed under the Nikon TiE system (Nikon, Japan).
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